M
icroRNAs (miRs) are a recently discovered class of small (Ϸ22-nt) RNAs that play an important role in the negative regulation of gene expression by base-pairing to complementary sites on the target mRNAs (1) . miRs, first transcribed as long primary transcripts (pri-miRs), are processed in the nucleus by the RNase III enzyme Drosha to generate the 60-to 120-nt-long precursor containing a stem-loop structure, known as pre-miR (2) . This precursor, exported into the cytoplasm by the nuclear export factor Exportin-5 and the Ran-GTP cofactor, is finally cleaved by the RNase enzyme Dicer to release the mature miR (3) . miRs mostly bind to the 3Ј UTRs of their target mRNAs (1). This process, requiring only partial matching, leads to translational repression. Target mRNAs having more stringent pairing requirement may be cleaved (4, 5) .
Currently, Ͼ300 miRs have been identified in humans and other eukaryotic species (miR registry, www.sanger.ac.uk͞ Software͞Rfam͞mirna͞index.shtml). Generally, miRs are phylogenetically conserved (6) (7) (8) (9) . Their expression pattern is often developmentally and͞or tissue-specific, although some miRs are steadily expressed in the whole organism (10, 11) . In lower species, miRs are involved in a variety of basic processes, e.g., cell proliferation and apoptosis (12, 13) , neural development (14) , fat metabolism (15) , and stress response (16) : in some studies, key target mRNAs have been identified (reviewed in ref. 17 ). In mammalian species, relatively little is known on their functional role: specifically, miR 181 is involved in the control of lymphopoiesis (18) , miR 375 regulates insulin secretion by targeting myotrophin mRNA (19) , and the miR-let7 family may play a role in oncogenesis via RAS oncogene mRNAs (20) .
We have performed genomewide expression profiling of miRs (11) in the human hematopoietic lineages, as evaluated in unilineage differentiation͞maturation culture of cord blood (CB) CD34ϩ hematopoietic progenitor cells (HPCs). This analysis indicated that miR 221 and 222, clustered on the X chromosome, are markedly down-modulated in erythropoietic (E) culture. Hypothetically, their decline may promote erythropoiesis by unblocking expression of key functional proteins. Our studies indicate that kit receptor mRNA is a major functional target of miR 221 and 222 in both normal erythropoiesis and TF-1 erythroleukemic cell line.
Materials and Methods
Cell Culture. Unilineage E culture of CB CD34؉ HPCs. Collection of CB, isolation of CD34ϩ cells, unilineage E culture, and morphology analysis were performed as described in refs. 21 and 22. The E culture was supplemented or not with kit ligand (KL, 100 ng͞ml) (21, 22 Results miR 221, 222, and kit Expression in Unilineage E Culture. To investigate miR expression in E differentiation and maturation, we analyzed their level at discrete sequential stages of E culture of CB CD34ϩ HPCs ( Fig. 1 A Top and Bottom). In some experiments, the culture was supplemented with KL ( Fig. 1 A Middle and Bottom). miR 221 and 222 level is down-modulated in E culture. The analysis was performed by using a microarray chip containing as probes gene-specific 40-mer oligonucleotides, generated from 161 human and 84 mouse precursors miRs (11) . The expression profile revealed that miR 221 and 222 are abundant in HPCs, but their level gradually and markedly declines during E differentiationmaturation (Fig. 1B Upper) . Northern blot analysis confirmed the microarray data (Fig. 1B Lower) . miR 221 and 222 may target kit mRNA. The miR 221 and 222 level decline may promote erythropoiesis by unblocking expression of key functional proteins. Bioinformatic analysis (1) suggested that in humans the kit 3Ј UTR is a putative target of both miR 221 and 222. The ''seed'' sequence in miR 221 and 222 (5Ј-GCTACAT3-3Ј, nucleotides 2-8) matches nucleotides 3982-3988 in kit 3Ј UTR (NM000222) and is associated with additional flanking matches (Fig. 2) . The seed sequence is conserved in mouse and rat (1). miR 221 and 222 level is inversely related to kit protein expression during exponential E cell growth. The bioinformatic analysis prompted us to investigate kit expression in E culture. kit protein level gradually increases up to day 12 (i.e., during E differentiation coupled with exponential growth) but then declines in terminal erythroblasts undergoing little proliferation (Fig. 1C Upper) . Interestingly, kit mRNA is expressed at similar levels through the exponential growth phase but then is sharply down-modulated (Fig. 1C Bottom) . It follows that the expression level of both miR 221 and 222 is inversely related to the amount of kit protein up to day 12 ( Fig. 1D) , thus strongly suggesting a posttranscriptional regulatory mechanism during expansion of early erythroblasts. Exogenous KL enhances kit protein expression in E culture. kit protein was markedly up-regulated in E culture treated with KL ( Fig. 6 Left, which is published as supporting information on the PNAS web site) as compared with standard E cultures releasing endogenous KL at a low level (see above). Both miR 221 and 222 were down-modulated during E differentiation in KL-treated culture (Fig. 6 Right) as observed in E culture not supplemented with KL. However, real-time PCR experiments revealed that kit mRNA was significantly increased upon KL treatment (data not shown). These results suggest that in EϩKL culture, kit protein expression is up-regulated via both translational and transcriptional mechanisms. miR 221 and 222 Interact with the 3 UTR of kit mRNA. To demonstrate the direct interaction between the miRs and kit mRNA, we inserted downstream of the luciferase ORF the 1,800-bp 3Ј UTR of kit mRNA (Fig. 3) . This reporter vector was cotransfected in the K562 cell line, which does not express miR 221 and 222, with (i) a control nontargeting RNA oligonucleotide or (ii) miR 221 and͞or 222 oligonucleotides. The relative luciferase activity was markedly diminished after miR 221 and͞or 222 cotransfection, as compared with the control RNA. These results indicate that the two miRs interfere with kit mRNA translation via direct interaction with the 3Ј UTR. (Fig. 7 , which is published as supporting information on the PNAS web site). As a model system, we choose the erythroleukemia TF-1 cell line, which expresses high levels of kit protein (30) and, as expected, low levels of miR 221 and 222 by Northern blot (data not shown).
We transfected TF-1 cells with dsRNAs having the sequence of respectively the mature miR 221 and 222, as compared with the negative control oligonucleotide. In the initial experiments ( Fig. 7 a and b) , we transfected cells with FITC-conjugated miR 221 and carried out FACS analysis 16 h thereafter (Fig. 7a) : 83% of cells were FITC-positive, indicating that dsRNA is efficiently transfected in these cells. Moreover, apoptosis analysis showed that the transfected miR was not toxic (data not shown). There was no difference in the transfection efficiency of different FITC-conjugated miRs (data not shown). In TF-1 cells trans- fected with miR 221 and͞or 222, FACS analysis with anti-kit antibody revealed that the protein is strongly reduced, as compared with cells transfected with the control oligonucleotide (Fig. 7b) . kit expression levels in nontransfected or Lipofectamine-treated cells were comparable with those observed in control oligonucleotide transfected cells (data not shown). In further experiments (Fig. 7 c-f ), the inhibition of kit expression was time-dependent, showing a maximum inhibition at 48 h posttransfection (Fig. 7c) . The down-modulation of kit expression was demonstrated by Western blot (Fig. 7d) and confirmed by FACS analysis (Fig. 7e) in TF-1 cells transfected with miR 221 and͞or 222 at either 40 or 80 nM. In control studies, we analyzed kit mRNA expression in TF-1 cells transfected with miRs at 80 nM: real-time PCR indicated that kit mRNA expression levels were only moderately modified in miR-transfected cells, as compared with control cells treated with Lipofectamine or control oligonucleotide (Fig. 7f ) .
miR 221 and 222 Oligonucleotide Treatment of CD34؉ Cells Inhibits E
Growth and kit Protein Expression. CD34ϩ HPCs were grown in unilineage E liquid suspension culture in the presence of KL and transfected on day 4 with miR 221 and͞or 222 oligonucleotides, or the control dsRNA at 160 nM (Fig. 4) . Transfection efficiency, monitored with the FITC-conjugated miRs (see above), showed that 78% of cells were FITC-positive (data not shown). Furthermore, no apoptosis was associated with miR transfection (not presented).
Cells transfected with miR 221 and͞or 222 showed a marked decrease in cell proliferation rate when compared with vehicle or control oligonucleotide transfected cells (Fig. 4 Upper). We also evaluated the miR effects on E differentiation and maturation: cells transfected with miR 221 and͞or 222 undergo a more rapid maturation than control cells as indicated by the percentage of late (polychromatophilic and orthochromatic) erythroblasts at days 12-25 (data not shown). Finally, we analyzed kit expression in E culture overexpressing miR 221 and͞or 222, or at 2 and 4 days after transfection. Western blotting analysis showed a marked decrease of kit protein expression in the transfected cells as compared with controls (Fig. 4 Bottom).
Lentiviral Gene Transfer of miR 221 and 222 Inhibits Cell Growth and Down-Modulates kit Protein Expression. TF-1 erythroleukemic cell line.
We investigated the effects of miR 221 and 222 in the kitϩ TF-1 erythroleukemic cell line (Fig. 5A) . TF-1 cells were transduced with lentiviral vectors. The GFPϩ sorted cells cultivated under standard conditions were analyzed at sequential times. TF-1 cells transduced with miR 221 or 222 showed a reduced proliferative rate as compared with control cells (Fig. 5A Top) . The enforced expression of both miRs also induced a clear reduction of kit protein level (Fig. 5A Middle) . Here again, no significant modulation of kit mRNA was observed by real-time PCR (data not shown).
To confirm the specificity of miR 221 and 222 activity on TF-1 cell lines, we investigated the effects of both miRs in HL-60 cell line, lacking the kit protein and expressing low levels of miR 221 and 222 (data not shown). HL-60 cells were transduced with lentivirus particles: as expected, miR-transduced cells did not show any difference in their proliferative rate, as compared with empty vector-treated cells (Fig. 5A Bottom) , despite an increased level of miR 221 and 222 (data not shown). CD34؉ cells E culture. CD34ϩ cells were first incubated in E medium supplemented with KL for 24 h, and then transduced with a Tween lentivirus vector, either empty or containing either miR 221 or 222 (Fig. 5B) . Two days later, the infection efficiency was controlled by FACS, and GFPϩ cells were sorted. As expected, cells transduced with miR 221 or 222 showed a more elevated level of miR 221 or 222 RNA as compared with controls (Fig. 5B Bottom) . HPCs transduced with either miR 221 or 222 exhibited a marked decrease of their growth rate as compared with the empty vector control group (Fig. 5B Top) . The effect of miR 221 or 222 on E differentiation͞maturation was also evaluated: cells transduced with either miR 221 or 222 show an accelerated E cell maturation compared with the empty vector (Fig. 5B Middle) . Furthermore, miR 221-and 222-transduced cells showed an increased rate of cell death at late culture days (days 20-25), i.e., at terminal maturation (data not shown). Finally, down-modulation of kit expression was demonstrated by Western blot in E precursors (Fig. 5B Bottom) . miR 221 and 222 Impair CD34؉ Engraftment upon Xenotransplantation into NOD-SCID Mice. As shown in a representative experiment, CB CD34ϩ cells treated with miR 221 or 222 show a marked decrease of stem cell repopulating activity in NOD-SCID mice as evaluated in terms of human CD45ϩ cell engraftment in the recipient bone marrow (Fig. 8 , which is published as supporting information on the PNAS web site). Preliminary observations suggest that all hematopoietic lineages, as well as B lymphocyte production, are down-modulated upon miR 221 or 222 oligonucleotide transfection. Furthermore, control studies confirmed that miR 221 or 222 oligonucleotides transfection induced a significant down-modulation of kit protein in CD34ϩ cells maintained in E culture (data not shown), as observed in the other CD34ϩ cell transfection studies presented above.
Discussion
Despite extensive studies carried out so far on miR genes (reviewed in ref. 4) , relatively little is known on their functional role and even less on their targets in mammalian species (18) (19) (20) .
Our approach involved expression profiling of miRs in the different hematopoietic lineages, as evaluated in unilineage differentiation͞maturation culture of CB CD34ϩ HPCs (21, 22) . Particularly, we observed that miR 221 and 222, clustered on the X chromosome, are markedly down-modulated through the E pathway. This decline may unblock the translation of key functional proteins underlying erythropoiesis. In this regard, we focused on the kit receptor, based on two observations: (i) the bioinformatic analysis and the luciferase assay indicated that miR 221 and 222 interact with the 3Ј UTR of kit mRNA; and (ii) in E culture undergoing exponential cell proliferation, the miR 221 and 222 level is inversely related to that of kit protein, whereas the abundance of kit mRNA is relatively stable.
Functional studies indicated that miR 221 and 222 inhibit normal erythropoiesis and erythroleukemic cell growth at least in part via kit receptor down-modulation, whereas they do not affect kitϪ hematopoietic cell lines (e.g., HL-60). Specifically, treatment of CD34ϩ HPCs with miR 221 and 222, via oligonucleotide transfection or lentiviral vector infection, causes impaired proliferation and accelerated differentiation of E cells, coupled with down-modulation of kit protein. This phenomenon, observed in E cultures releasing endogenous KL, is magnified by exogenous KL treatment. Furthermore, transplantation experiments in NOD-SCID mice reveal that miR 221 or 222 treatment of CD34ϩ cells impairs their engraftment capacity, thus indicating that both miRs also hamper early hematopoiesis.
Our studies indicate that in erythropoiesis, the decline of miR 221 and 222 unblocks kit protein production at translational level, thus leading to expansion of early E cells. Our results do not rule out the possibility that miR 221 and 222 hamper erythropoiesis by blocking the translation of not only kit mRNA but also other target mRNAs. On the other hand, we cannot exclude the possibility that other miRs cooperate with miR 221 and 222 to block kit mRNA translation.
Our studies further suggest that in erythropoiesis kit protein expression is regulated not only at translational level via miR 221 and 222, but also through transcriptional mechanisms. Thus, (i) the final phase of E culture, coupled with erythroblast maturation and declining proliferation, is characterized by a drop of kit mRNA and protein levels indicating transcriptional repression of the kit gene. This process may be mediated by GATA-1 transcription factor, which exerts a suppressive action on kit gene promoter in late erythropoiesis (31) . (ii) Addition of KL to E culture causes an enhanced proliferation, coupled with a sharp increase of kit mRNA and protein levels: this finding suggests that in this culture system, the unblocking of kit mRNA trans- lation via miR 221 and 222 is potentiated by activation of kit gene transcription.
Modulation of kit protein by miR 221 and 222 treatment may provide an important tool in biotechnology and therapy. Indeed, KL is a key factor controlling proliferation of primitive hematopoietic and E cells (22, 32) . Furthermore, constitutive activation of kit underlies diverse neoplasias, e.g., gastrointestinal stromal tumors (GIST) (33) and selected acute leukemias (34) . In this regard, we observed that miR 221 and 222 gene transfer blocks proliferation of the kitϩ TF-1 erythroleukemic cell line. Hypothetically, modulation of kit protein level by miR 221 and 222 treatment may contribute to studies on early hematoerythropoiesis (e.g., ex vivo expansion of stem cells), as well as to therapy in oncology patients.
It is also noteworthy that kit plays a key functional role in nonhematopoietic tissues, e.g., in smooth muscle progenitors termed Cajal cells (35) , neural progenitors (36), melanocytes (35) , etc. Therefore, the miR 221-and 222-mediated inhibition of kit mRNA translation may not be restricted to early hematopoiesis and erythropoiesis, but may also operate in a variety of other tissues.
Altogether, these findings indicate that miR 221 and 222 play a key functional role in early hematopoiesis and E differentiation, at least in part via unblocking of kit receptor mRNA translation. The results further suggest that miR 221 and 222 may modulate the growth of kitϩ leukemic cells. Hypothetically, the functional role of miR 221 and 222 may be extended to other kitϩ nonhematopoietic tissues of either normal or abnormal type, e.g., Cajal cells and GIST tumors.
